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(Mollusca: Cephalopoda)
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Biomedical Institute, University of Texas Medical Branch, Galveston, Texas, USA
Abstract. First culture results are presented from four major experiments (lasting up to 478
days) on the commercially important squid species, Lotigo forbesi Steenstrup, Details are
provided on eggs, hatching, feeding, growth, survival, behaviour and sexual maturation. Best
survival during the critical first 75 days was 15%. The hatchlings (up to 4 9 mm mantle length,
ML) are the largest among the genus Loligo, and the largest squid grown was a male 155mm
ML and I24g. First schooling was observed only 40-50 days post-hatching. Spawning was not
achieved although males reached maturity, females had maturing ova and mating was
observed. The largest giant axon measured was 425^ l.m in diameter (from a female 130mm
ML), a size suitable for most biomedical applications. Laboratory data suggest a 2-year life
cycle compared to fishery data which suggest a 1-year cycle.
Introduction
Loligo forbesi Steenstrup, 1856 is a commercially important squid species of the Eastern
Atlantic and ranges from 20°N (West Africa) to 60°N (Norway), throughout the Mediter-
ranean and Red Seas, and westward to the Azores Islands (Roper, Sweeney & Nauen 1984).
This species appears to be the largest of the loliginid squids, with males often exceeding 90cm
mantle length (ML) and 6kg (Martins 1982). This paper reports the first successful rearing
attempts of L. forbesi and provides laboratory baseline data on many aspects of the life cycle;
details of growth (Forsythe & Hanlon 1989), seawater system design (Yang, Hanlon, Lee &
Turk 1989) and pathology for this set of experiments are being reported separately. Our
primary interest was in providing animals for research on the giant axon, which is of great
importance to biomedical fields (Tasaki 1982). Loligo forbesi was chosen because (1) the
adults are large, (2) thus the axons are large and (3), most importantly, the hatchlings are
large compared to other species of Lotigo (Fig. 1).
The biology of Loligo forbesi is poorly known despite its economic importance. Holme
(1974) examined over 6000 trawl-caught specimens and reported various aspects of the life
cycle in the English Channel. The Scottish fishery and some biological notes were reported by
Howard (1979), and aspects of the biology and fisheries of this species in the Azores Islands
were reported by Martins (1982). Embryological development was mentioned briefly by Naef
(1928) and recently reported in detail by Segawa, Yang, Marthy & Hanlon (1988).
The data presented herein are structured to provide comparisons with existing laboratory
and field data, with the aim of providing fisheries biologists with complementary data,
especially ofthe early life history stages.
Correspondence: Dr R.T, Hanlon, Marine Biomedical Institute, University of Texas Medical Branch, 200
University Boulevard. Galveston, Texas 77220-2772, USA.
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Figure 1. Comparative sizes at hatching for three commercially important squid species. Chromatophores are drawn
precisely (open circles are yellows, closed circles arc dark browns or reds). See McConathy, Hanlon & Hixon (1980)
and Segawa et al. (1988).
Materials and methods
Four culture experiments are reported (Table 1). In the first experiment (LF83), eggs were
obtained from Plymouth, England. There were two experiments in 1985: the eggs of the first
(LF85-1) were from Tor Bay, England, and those of the second (LF85-2) from Roscoff,
France. The eggs of LF83 and LF85-1 were collected from crab traps. The eggs of LF85-2
were laid by wild-caught squids in tanks at the Roscoff Marine Station and those of LF86 were
laid in floating cages by wild-caught squids in the Azores Islands. All of the eggs were
transported to Galveston by air freight similar to methods reported for L. opalescens Berry,
1911 by Yang, Hixon, Turk, Krejci, Hulet & Hanlon (1986), and the estimated transport
times were 30, 37,32 and 36 hours, respectively. Developmental stages were estimated from
Arnold (1965) and Segawa etal. (1988),
Upon arrival in the laboratory, the eggs were gradually acclimated to the culture tank
water, with temperature ranging from 12-0-13-0°C and salinity 35-37 ppt. The egg mops were
divided into clusters of 5-7 capsules each and suspended by thread under the water inlet spray
bars to ensure good oxygenation for development. Illumination was kept dim at approxi-
mately 2 lux.
Details of tank design, filtration and water quality are reported separately (Yang et al.
1989). Basically, hatchlings were reared for the first months in circular 2-m-diameter CT
tanks (15001 each) and thereafter in larger raceway (RW) systems measuring 6-1 x 2-4 x
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Table I. Egg locality and transport, water quality, hatchings and survival in CT systems during the first 3 months of
culture
Experiment code:
CT/RW number:
Egg locality
Arrival date
Water quality on arrival
pH
NH4-N (mg/l)
Developmental stages
upon arrival
Major hatching duration
(days)
Hatchling mean ML (mm)
dead'
a l ive-
Hatching success
sample size
% hatched
Statolith development
sample size
% with 2 (normal)
% with 1 or 0 (abnormal)
Strontium level (mg/l)
Culture medium
Culture in CT tanks (days)
No. of initial hatchlings
No, harvested for RW
Survival rate (%)
LF83
CT-I/RW-1
Plymouth
01/28/83
7-4 -7-7
049-0-98
25-27
6
346
4-65
622
72-7
1990
94-5
5-5
-
NAT
75
2774
419
15'0
LF83
CT-2/RW-1
Plymouth
01/28/83
7-4 -7-7
049-0-98
25-27
7
3-65
-
-
-
-
-
-
10
m3888
84
2-2
LF85-1
CT-l/RW-2
Tor Bay
12/08/84
81
006-011
10
17-19
27
3-05
-
-
-
0
7-2
10 4 Sr
84
5366
135
2-5
LF85-2
CT-2/RW-1
Roscoff
01/05/85
7-8
014-017
10-12
22
3-00
3-95
486
86-5
6260
94.9
%1
NAT
124
8930
9
0-1
LF86
CT-l/RW-1
Azores
02/08/86
7-5 -8-5
001-023
15-27
15
407
490
-
-
97
100
0
7-6
NAT
140
1290
103
8-0
LF83 culture RW grow out was combined from CT-1 and Cr-2
10 = Instant Ocean® sea salts
NAT = Natural sea water
Sr = Strontium
' ~ Based upon first 3 days '
•• = Freshly hatched largest hatchling
0-9m deep (99501). All systems were recirculating and water was added only to make up for
losses in evaporation and bottom cleaning. Temperature for the major experiments were:
LF83 mean 15-4°C,sd 1-62 (ll-8~23-0);LF85-l mean 15-4°C,sd 2-19 (U-{>-22-0);LF86 mean
14-0°C, sd0-98(ll-3-22-9).
In the CT tanks, natural sea water was used predominately, but artificial and natural
seawater were often mixed, while the RW system had only artificial sea water (Instant
Ocean® brand). The use of natural sea water in the CT ensured the proper levels of strontium
for statocyst development (Hanlon, Bidwell & Tait 1989). Salinity ranged from 34 to 36 ppt
throughout culture, temperature was usually between 12 and 15°C and pH usually between
7 9 and 8 3. Nitrogenous metabolic wastes (ammonia, nitrite, nitrate) were determined
weekly for each system (Yang et al. 1986). Trace metals (Wimex® brand) were added
periodically to all systems usually every 2 weeks. In the CT systems, light was provided
24h/day from incandescent bulbs (range 4-53 lux) and in the RW system 24hyday from
fluorescent bulbs (range 3-88 lux). Details are provided in Yang et al. (1989).
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Wild-caught food organisms were acclimated and quarantined according to previous
methods (e.g. Yang et a!. 1986). Size of food organisms paralleled the median size of the
squids. Zooplankton were sieved through 500-|xm meshes and only the larger ones used.
Feeding frequencies were 4—11 times daily during hatchling culture in CTs, then down to 1-6
times daily in the RW after squids reached the juvenile stage. The food organisms added and
the dead food removed were weighed carefully and the feeding rale estimated over the period
of raceway culture (Fig. 4). Since the amount of food added per day varied significantly, it was
included as a covariant in a regression analysis of animal size v^ ' feeding rate. All dead squids
were preserved, while all freshly dead squids were weighed and measured for ML.
Occasionally, live animals were sacrificed for accurate and representative lengths and
weights. The initial stocking densities were estimated from the number of embryos per egg
strand while the actual stocking densities were determined by counting the dead animals
siphoned from the tanks and totalling these counts.
Results
Egg transport, incubation and hatching
In the LF83 experiment, eggs were shipped in later developmental stages and thus
ammonium-nitrogen levels were high and pH low upon arrival in Galveston (Table 1).
However, hatching success was comparatively high (approximately 73%), the hatchlings
(Fig. 2) were robust and large (4-65mm ML), and few of them had defective statoliths
(5-5%).
Figure 2. Eggs and hatchlings of Lotigo forbesi. A. Eggs at ca stage 23. B. Eggs at ca stage 29 (hatching); noie
swelling from size in A.C, CloseupofB; note full development of embryos with no external yolk inarms, D. Ventral
view of normal hatchling- No external yolk in arms, small internal yolk (arrow) and well developed fins. Ink sac and
gills evident in mantle. F = funnel. T = tentacles, E. Three-day-old squid eating a mysid shrimp larger than itself.
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For egg transport from England in LF85-1, various shipping experiments were made with
eggs in comparatively early stages. Seawater pH upon arrival was normal (8-1) in all
shipments. However, temperature was too low (7-6°C) in some bags and too high in others
(lS '^C) upon arrival, while ammonium-nitrogen levels were moderate (Table 1). Most of
these eggs were shipped with 5-7 capsules per 1-81 of seawater. Hatching duration was longer
due to varied stages of development and hatchling size was moderate (3-05 mm ML measured
from dead specimen). No statolith abnormalities were noted, probably because strontium
was added to the seawater to ensure normal levels near 8 mg/l (Hanlon et al. 1989).
In the LF85-2 experiment, eggs in early stages arrived in good condition (Table 1).
Hatchling size was similar to LF85-1, hatching rate was high (86-5%) and only a few
statolith-deformed animals (c/Colmers, Hixon, Hanlon, Forsythe, Ackerson, Wiederhold&
Hulet 1984) were observed. Spawning time of several individual capsules were well known;
total development was approximately 75 days at a mean of 12 ± 0-8''C (range 8-14*C).
In LF86 eggs arrived in varying stages but in good condition (Table 1). Hatchlings were
very large (up to 4-9mm ML). Development time was 68-75 days at 12-5°C (Segawa et al.
1988).
Egg capsules varied considerably in length (Fig. 2). Those from England and France were
commonly 7-13cm long near hatching (eggs swell during development), while those from the
Azores were commonly 16-19cm long. The differences most likely reflect the size of the
female.
Water quality
In LF83, water quality was good until day 168 when Hurricane Alicia hit Galveston Island.
The 3-day power failure allowed temperature to climb in the RW from 16 2 to 23-0°C in 24
hours. On day 170, temperature was lowered to 21-8°C by partial reactivation of cooling
units, but pH dropped from 80 to 7-65, ammonia increased (0-119 to 0-171 mg/l NH4-N) and
nitrite increased (0-029 to 0 047 mg/l NO2-N). By day 172, pH was normal at 8-02, ammonia
was 0-101 mg/l and nitrite 0 017 mg/l. Comparisons for nitrate were 17-3 mg/l NO3-N on day
154 and 27-3 mg/l on day 172.
Both RW systems in LF85 had high levels of ammonia in the early culture period. RW-2
(LF85-1) started initially at a low level of 0-038 mg/l NH4-N then increased rapidly to 0-543
mg/l in 24 days. RW-1 (LF85-2) had 0-012 mg/l NH4-N on the first day and reached 0-411 mg/l
in 32 days. There were also malfunctions of the cooling units in both systems and temperature
exceeded 18°C in the later period of culture.
In LF86, temperature was kept lower to control pathogens and water quality was very
good. Details of water quality are reported separately by Yang et al. (1989).
Foods and feeding
Loligo forbesi., like other loliginid species, is carnivorous from hatching. The sequence of
food organisms offered is illustrated in Fig. 3 and the species and sizes of these organisms are
tabulated in Table 2. The major early food organisms were copepods, juvenile mysid shrimp
and palaemonid shrimp larvae. Cultured brine shrimp {Artemia sp.) and rotifers were not
used because squids do not feed well upon them. In LF83 copepods, small mysids.
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Table 2. Types and sizes of food organisms fed lo L. forbesi. See Fig. 2
Experiment code
Zooplankton
Crustaceans
Palaemoneles spp.
(larvae)
(post-larvae and adult)
Mysidopsis almyra
Fenaeus spp.
(larvae and post-larvae)
Fishes
Family Cyprinodontidae
Cyprinodon variegatus
Adinia xenica
Fundutus spp.
Family PoociUidao
Gambusia affinis
Poecitia tatipinna
Family Atherinidae
Menidia spp.
(lab-cultured)
(wild-caught)
Family Sciaenidae
Sciaenops ocellata larvae
Family Mugilidae
Mugil spp.
Unidentified fish
0-8- 2-5
1-5- 3-5
3-5-27 0
2-0-100
7-0- 8-0
50-44-8
5-0-33-0
158-67-8
7-2-37-0
11 •0-47-1
5-6-22-0
18-5-63-7
3-4- 4-6
17-4-63-7
7-9-62-6
Species (TL in mm) LF83 LF85-1 LF85-2 LF86
X X X X
X X X X
X X X X
X X X
X X X X
X X X
X X X
X X X
X
X
X X
X X X
' Although mixed, contained mainly copepods.
palaemonid shrimp larvae and fish larvae {Sciaenops ocellatus (Linnaeus) 1766) were
provided from the earliest hatching stages. The smallest copepods of total length (TL) 0-8 mm
(e.g. Acartia tonsa Dana, 1849) were too small for the hatchlings of Loligo forbesi. Other
larger species of copepods [e.g. Labidocera spp., Temora turbinata (Dana, 1852) and
Centropages velificatus (DeOliveira, 1947)] were fed upon vigorously.
Extensive efforts were made to relate survival rate to food density available to individual
squids during the first critical 30 days of culture (Table 3). Clearly best survival was in LF83 in
tank CT-1 (Figure 5). Strict numerical comparisons in Table 3 are impossible because the type
and size of food organism varied and were important influences on survival. Consistently high
quantities of large copepods (i.e. l-3mm) enhances survival in Loligo opalescens culture in
1981 and L. forbesi in 1983 in CT-1. The LF83 experiment was further enhanced by the
availability of two important foods (see Fig. 2): palaemonid larvae (l-5-3-5mm) and very
small mysid shrimp (2-4mm). We were unable to provide these at similar densities in 1985
and 1986 because it was mid-winter and the local estuaries were too cold.
To enhance feeding in the CT systems an accessory overhead incandescent light was
cycled by a timer: 30 min dark vs 15 min light throughout day and night. Copepods and other
zooplankton concentrated under the light and early hatchling squids also tended to gather
under the illuminated area. Although hatchling mysids swam in the water column, adults
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Table 3. Comparisons of squid density, food density and survival rate during the first month of culture
Experiment
Initial
(population)
Squid
population
(x/1)
Ratio of
zooplankton
to squids
mean (range)
Ratio of
mysids to
squids
mean (range)
Day 30
estimated
survival rate %
(population)
LF83
CT-1
CT-2 , '
LF85
CT-1
CT-2
LF86
CT-l
Loligo opalescens
1981
(2774)
(3888)
(5366)
(8930)
(1290)
(2061)
1-73
2-43
3-53
5-58
0.35
1-59
26:1
20:1
26:1
19:1
36:1
25:1
(5-66)
(1-58)
(0-98)
(0-200)
(0-137)
(10-50)
4:1
3:1
6:1
2:1
8:1
(0-3-12)
(0-11)
(ft-24)
(0-16)
(0-26)
N/A
26%
12%
5%
4%
16%
34%
(720)
(480)
(288)
(352)
(205)
(702)
were benthic during illuminated period but swam into the water column during the dark
period where they were more easily encountered and captured by squids.
Daily feeding rates were estimated from days 100 to 369 in LF83 (Fig. 4). The average
overall rate was 14-1% ± 5-4. Squids of approximately lOg wet weight fed at 20-5% of their
body weight per day, declining to a low of 4-6% at 60g wet weight; the decline in feeding rate
was statistically significant {P < 0-001). There was then a slow but statistically non-significant
increase {F > 0-05) to 10-2% by a size of 90g. Squid biomass reached its peak from days 249 to
264 during which time the feeding rate was approximately 13%. In LF86, feeding rate was
31% from days 150 to 394 in the RW when squids were l-30g wet weight. Thereafter, mean
feeding rate was 17-5% for squids 30-90g wet weight. Feeding rate was 14-2% on day 236
when squid biomass was at its greatest.
Survival and growth
Survival rates are illustrated in Fig. 5. The longest-lived squids were day 369 in the LF83
experiment, day 236 in LF85-1, day 333 in LF85-2 and day 478 in LF86.
In LF83, survival decreased to 50% by day 7 but 15-1% of the population survived
through 75 days in the CT-1 tank; in the CT-2 tank population, 50% survival occurred at day
12 and 10% of the population survived only to day 37. In LF85-1, survival was poorer, with
50% at day 14 and 10% at day 20. In LF85-2 survival in the CT was 50% at day 14 and 10% at
day 25; thereafter survival levelled off. The early high mortality was partly due to the inability
of some hatchlings with deformed statoliths (Table 1) to capture food (Colmers et al. 1984).
Other reasons for low survival inLF85 may have been the stocking ofpoorly developing eggs
of widely varying stages and the problem with temperature and water quality in transporting
the eggs.
Survival was superb in the RW system for LF83: approximately 75% of the initially
stocked 503 squids were still alive at day 169 when Hurricane Alicia hit Galveston. About 180
squids perished within 4 days post-hurricane; this equalled 36% of the initial 503 squids.
Increased temperature and poor quality water were the likely causes of death.
In LF85-1, the transferred population from the CT tank was reduced to 66% within 15
days in the RW system. This was due partly to transfer trauma plus slightly high NHj-N level
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Figure 4. Estimated squid biomass and feeding rates in experiment LF83 (days 100-369 in RW culture). Dashed lines
indicate confidence limits.
in the RW. There was slow, steady attrition until day 204 when disease caused further
mortality. In LF85-2, nine squids were transferred to the RW system and the last lived until
day 333. In LF86, there was high initial mortality as explained above for LF85, then slow
steady attrition until day 478.
The hatchlings of Loligo forbesi are the largest known for the genus Loligo (Fig. 1) and the
adults are the largest known for the family Loliginidae. Hatchlings ranged in size depending
upon locality (Table 1). The smallest measured live hatchling was 3-40mm ML and the largest
4-90mm ML. In LF83 the longest and oldest squid was a male 139mm ML and 73-8g wet
weight (WW) at an age of 369 days; the longest female was 133 mm ML and 65-4g WW on day
346. Both animals were mature. The longest animals in LF85-1 were a male 84-Omm ML and
28-Og WW at 238 days, and a female 84 mm ML and 29-Og WW on day 237. The longest male
in LF85-2 was 75mm ML and 27-6g WW at 293 days, and one was female of 94mm ML and
40-9g WW at day 333. The longest in LF86 were a male 155 mm ML and 124g WW at 413
days, and a female 135 mm ML and 108 g WW at 434 days. The duration of the experiment
may be due to different temperatures. Figure 6 illustrates growth in weight and mantle length
for LF83. Details of growth are reported separately (Forsythe & Hanlon 1989).
Behaviour
Hatchlings are planktonic drifters during the first weeks despite their relatively large size.
They are negatively buoyant and jet constantly to stay up in the water column. They can jet
several cm in any direction (e.g. forward to capture prey, backward to escape predators) but
are not strong enough to swim independently in a current. In the first week, squids in tanks
commonly swim to the surface then passively drift downward as much as 60cm before
swimming up again; this may be an effective search behaviour. Squids that hatched with
malformed or absent statoliths (Table 1) were unable to capture food (Colmers et al. 1984).
By approximately day 40, squids could swim against a current of 3-4 cm/s and form schools. In
LF83 squids at day 40 were 5-38-8-15 mm ML. In LF85, schooling was first seen at about day
24 R. T. Hanlon et al.
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50at sizesof 5'25-5-75mmML. In LF86, there were signs of schooling at day 25 (ca5-6mm
ML) anddefiniteschoolingat45daysat sizesof 7-9 mm ML. In the CT tanks, squids formed
one or two schools when they were startled or threatened by lights or vibrations. When
transferred into the RW system, squids first dispersed, then quickly formed one school and
eventually two schools, one at each end of the RW. Generally, the squids were dispersed into
loose schools within the RW tank except when they were disturbed. Individual squids which
swam apart from the school usually had disease problems and most died in one or two days.
When power was lost during the hurricane and water quality deteriorated, squids circled the
RW system continuously and stopped feeding as a result of the stressful conditions.
By day 270 in LF83, intraspecific aggression began and continued on a low level. As in
other Loligo spp., this was behaviour typically related to reproduction and involved
non-physical bouts characterized mainly by colour pattern changes and threat movements.
These behaviours were not documented.
Sexual maturation and mating
Spawning was never achieved although sexually mature squids were observed mating. Sexual
organs were first recognizable at a mantle length of 50-60mm. The smallest mature male with
spermatophores in the penis was 102 mm ML at day 249 (LF83). Some females began to
produce maturing ova at about 90-lOOmm ML (Fig. 7), corresponding to 250-390 days in
culture (Fig. 6 and Forsythe & Hanlon 1989). The criteria we used for mature ova are
based upon the ratio of nidamental gland length to mantle length is >0-20 (c/Hixon 1980;
Macy 1982; Yang etal. 1986). Three matings were observed in LF83 (days 285, 287, 299) and
two in LF86 (days 383, 458). They were in the head-to-head position and the duration was a
few seconds, which is normal. Artificial silicon egg strands (Yang et al. 1986) were placed on
the RW bottom on day 334 and more added on day 337 to stimulate spawning visually, but
none was observed.
Mortality, disease and cannibalism i
As in previous experiments, starvation was the apparent cause of many mortalities during the
first few months of life. However, no hard data are available to prove this. Most deaths in
squids <40 mm ML are still a mystery and will require detailed histological examination in the
future.
Juvenile and adult squids most commonly die from an obvious pathological condition and
not from starvation. Many squids accrue fin and mantle skin damage from hitting the sides of
the tank; in the present experiments from V6 to V^  of the mortalities in the RW system (i.e.
from ca day 80 onwards) were noted as having chronic fin and posterior mantle tip damage. A
very small proportion of squids developed an abscess in one or both eyes. Microbiological
samples indicated the major pathogenic organisms were five species of Vibrio and three
species of Fseudomonas in mantle lesions, and Micrococcus sp. in the eye infections. There
are, as yet, no signs of infection from marine protists of the Thraustochytriaceae (e.g.
Polglase 1980). Details of these maladies will be reported in the future.
Cannibalism occurred rarely; only seven cases were well documented in all experiments
although others may have occurred but were unsubstantiated because the remains were badly
decomposed when found in the tank. If food is in short supply, squids will undoubtedly
cannibalize the smallest or weakest member of the school.
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Figure 7. Gonad maturation index of female L. forbesi in the LF83 and LF86 experiments (triangles) compared to
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Discussion
This is the first report of laboratory culture of Loligo forbesi and only the second successful
culture of any Loligo to sexual maturity. Loligo opalescens was cultured previously by us to
maturity and spawning (Yang et al. 1986) and we had other more limited successes with
Loligo vulgaris Lamarck, 1798 (sympatric with L. forbesi over much of its range) and Loligo
pealei LeSueur, 1821 (West Atlantic) (Turk, Hanlon, Bradford & Yang 1986; Hanlon, Turk,
Lee & Yang 1987). Collectively, these reports indicate that rearing Loligo spp. is a
formidable challenge and that successful, consistent culture to large size and spawning
requires refinements of present techniques. TTie following sections address these issues.
Water quality
Water quality was generally good in all experiments and not a significant cause of mortality.
However, eggs shipped from abroad often had water of low pH and high ammonia and we are
uncertain of the deleterious effects this may produce. It was noteworthy that the LF83 eggs
had pH 7-35 and ammonia-nitrogen up to 0-98 mg/! but still produced our best overall
experiment. Secondly, Hurricane Alicia (LF83 experiment) resulted in major decreases in
water quality, which, with a concurrent temperature increase, caused many deaths. The
interesting result of this catastrophe is that we learned some tolerance limits for these squids;
many withstood pH as low as 7-65, ammonia-nitrogen as high asO171 mg/l, nitrite-nitrogen
of 0-047 mg/l, nitrate-nitrogen of 52-7 mg/l and a rapid temperature increase of 7°C.
Furthermore, in LF85-1 and -2, many squids withstood ammonia-nitrogen levels of 0-543 and
0-411 mg/l, respectively, for the first few weeks in the RW system. These levels are all more
extreme than those reported by us for Loligo opalescens (Yang et al. 1986). No other
comparable data are published.
Natural and artificial seawater were used, but no clear-cut results are obvious. Natural
seawater in LF83 resulted in the best experiment (Table 1), but later experiments in LF85-2
and LF86 indicate that type of seawater alone does not predict success. It is certainly
mandatory to add strontium to artificial seawater (to 8 mg/l) to ensure that statoliths develop
for normal swimming and orientation (Hanlon et al. 1989).
Spawning and eggs
Most of the eggs in these studies came from those spawned naturally in the sea. We have
obtained normal, viable eggs from mature, mated females held in floating cages in the Azores
Islands and from females held in large tanks at Roscoff, France, but females held in captivity
are less fecund; the capsules are usually much smaller and often infertile. It is our belief that,
for best culture results, eggs should be incubated in very stable conditions (especially
temperature and pH), preferably in the sea, and shipped after stage 20 when most organ
systems are well developed. The drawback is that these late-stage-eggs have higher metabolic
rates and result in lower water quality during transport. Mean development time was 75 days
at 12-5°C; details of this process and comparisons to other species are reported by Segawa et
al. (1988). In none of our experiments were eggs spawned by cultured females.
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Feeding, growth and survival
Our main effort in these experiments was to refine feeding methods for the earliest growth
stages. In particular, we attempted to feed the squids on relatively large mysid shrimp within
a week or two of hatching (Fig. 2). This was accomplished but survival was still poor (Fig. 4).
Detailed analyses of daily stocking densities of food organisms vs squids (Table 3) did not
reveal any obvious relationships. Clearly, best survival was in LF83 where 15-1% survived
the critical first 75 days of culture. The most plausible explanation is that we provided more
large copepods and larval fishes during this period than in other experiments (in which mysids
were fed earlier and in greater quantity). This makes good sense ecologically since those are
the organisms most likely to be encountered in nature; unfortunately they are difficult and
expensive to provide in the laboratory. Early survival of Loligo opalescens was comparable to
the LF83 experiment (Fig. 4); these squids also received large quantities of copepods and
larval fishes (Yang et al. 1986). Our recommendations for future experiments would be (1) to
provide high densities (15-20 per squid) of large copepods (e.g. Temora, Eucalanus and
Labidocera from l-4mm long) from days 1 to 20, (2) provide small mysids (2-4mm) from
days 4 or 5 onwards, increasing mysid size as squids grow, (3)providea variety of other foods
(larval fishes, chaetognaths, etc.) to promote feeding and (4) slowly raise temperature to
16-18°C within 2 weeks post-hatching to enhance feeding rates and growth.
The mean feeding rate of 14-1% body weight/day in LF83 (Fig. 4) at 13-17°C compares
well to published reports (e.g. 10-25% in various species at different temperatures), which
are summarized by Yang et ai (1986) and O'Dor & Wells (1987).
In all experiments there was particularly heavy mortality in the first 2 weeks as hatchhngs
made the transition from absorbing internal yolk supplies to capturing and ingesting live food
organisms. Some early mortality resulted from statolith deformation (Table 1), but this
problem is now resolved (see Water quality). Juveniles and adult squids underwent a slow,
steady attrition due mainly to skin damage aand chronic secondary bacteria! infection, and
this problem remains an important challenge in the future. There is presently no way to treat
the bacterial lesions because removal of individual animals from the tanks results in more
damage to the handled squid and general excitement (and often wall contact) among all the
squids. Future work should focus upon development of vaccines or administration of
antibiotics through feeding procedures, as well as the design of larger tank systems to reduce
the chance of initial damage.
Behaviour and maturation
Young squids attempt to form schools as soon as they are large enough to swim well against a
current. In our tanks this occurred at about 40 days and a size of approximately 5-8 mm ML.
This is roughly similar to the size at which Loligo opalescens began to school in laboratory
culture experiments (Yang era/. 1986). Corroborative evidence from nature is not available,
but it seems unlikely that schools of this size are found in the ocean because the animals would
be too dispersed after 1-2 months drifting in the plankton.
Cannibalism is a common trait of squids but was seen rarely in these experiments. Martins
(1982) analysed stomach contents of adult L. forbesi and found that 12-7% of 306 squid
stomachs contained arms, tentacles and suckers of squids. Migrating squids such as IUex spp.
are also known to cannibalize one another (O'Dor 1983).
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Loliginid squids are social, schooling animals that have complex behavioural interactions
related to reproduction. These were not documented carefully in this study but intraspecific
aggression among males was seen before, during and after mating activity. This is normal
behaviour involved with mate selection. Spawning was not achieved and it is likely that
various unknown stress factors in the laboratory environment contributed to this. Figure 7
indicates that females > 90-100mm ML had maturing ova. This is at a larger size than Loligo
opalescens (Fig. 7), which is a smaller squid, but at a much smaller size than wild-caught L.
forbesi in the Azores, which are a minimum of 250mm ML and a mean of 335 mm ML when
mature (Martins 1982), or in England where mean length of mature females is 290 mm ML
(Holni^-1974). Thus it is unlikely that our female squids were yet capable of reproducing.
The important effects of light on circadian rhythms, gonad maturation and pre-copulatory
behaviour are unknown. Our 24-h continual light cycle was used (1) to enhance feeding, (2)
to keep the animals calm and (3) to retard sexual maturation in order to grow animals to a
larger size (see Van Heukelem 1979). Although no specific data are available on any of these
matters, they deserve future study, as does the use of light to control the location of the squids
in the culture tanks, thereby reducing the chance of wall contact.
Size of giant axon for biomedical research
For most neuroscience applications it is best to have squids with giant axons >400^-m in
diameter. Loligo forbesi axons for research have been cited to range from 400 to 1040 nm
(Baker, Hodgkin & Shaw 1962; Cohen, Hille & Keynes 1970; Arnold, Summers, Gilbert,
Manalis, Daw & Lasek 1974). Table 4 gives examples of axon diameters obtained from our
cultured population. The largest axon of 425 fJtm came from a female 130mm ML after 330
days. This is much larger than our largest reared L. opalescens (a smaller species), which had
an axondiameter of 240|a.m at 116mm ML (Yang era/. 1986). With present technology, we
must predict 350-^00 days of culture to produce squids with axons >400 M.m. In the future it
Table 4. Examples of axon measurements of cultured L. forbesi (LF83)
Age
(days)
296
330
3S9^
m
m356
361
36S
366
369
Mantle
length
(mm)
130
m115
100
100
133
U8
121
m132
139
Weight
(g)
85-4
-
44-8
29-7
35-0
65-4
46-0
57-7
50-0
64-5
73-8
Axon
diameter
(M.m)
363
425*
300
330
420
320
300
330
165
395
350
Sex
M
F
F
M
M
F
M
M
M
M
M
* Measured in fresh preparation; all others from fixed tissue.
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will be necessary to suppress gonad maturation and enhance somatic growth to obtain squids
with the largest diameter axon in a shorter period of culture time.
Life cycle comparison to fishery data
Life cycle estimates from Scotland (Howard 1979), England (Holme 1974) and the Azores
Islands (Martins 1982) predict a 1-year life cycle. By the nature of such size-frequency data,
much speculation and caution must be invoked by the investigator to arrive at an estimate. In
the case of Loligo forbesi, one must ask how the largest of loliginid squids (up to 95 cm ML)
can grow to maturity so quickly in cold water (9-15°C in most of its range).
Our laboratory data do not predict a 1-year life cycle: after 1 year the squids were only
100-140mm ML (Fig. 6), at which size males were often mature but females were only
beginning to produce ripe ova (Fig. 7). Temperatures in our systems were generally
comparable to those in England and the Azores.
Possible sources of error are abundant from both perspectives. For example, fishery
estimates are vague because there is no valid method for ageing squids. Furthermore,
although cephalopods are considered to be semelparous, there is no conclusive proof that
some species are not capable of remaining reproductive for two seasons, especially males
(Calow 1987; Mangold 1987). Finally, the time of spawning can have a dramatic effect on
growth of the young; for example, squids hatched in spring v^  autumn will presumably have
the advantages of warmer temperatures and increased zooplankton for food.
In the laboratory environment, numerous factors can adversely affect growth and
development. Tanks are minute considering that in nature squids can range over large areas
daily, foods are different and are probably restricted in variety and quality (if not quantity).
Generally elevated levels of 'stress" and pathology reduce the amount of energy available for
somatic, and later reproductive, growth. In our experiments, light (quality, quantity and
cycle) was dramatically different from nature.
A 1-year cycle, especially in the Azores, is plausible for the following reasons. Summer
surface temperatures there reach ca 20*C (persona! observations), and young squids
subjected to abundant food at this temperature could conceivably grow 2% per day faster
than in our experiments (5-6% body weight/day; Forsythe & Hanlon 1989; see also
Forsythe & Van Heukelem 1987). This would result in dramatic growth that could produce a
squid lOg instead of 1 •6g at the end of the exponential growth period (e.g. 90-100 days in our
experiment). Thereafter, they would only have to maintain the same growth rate as in our
RW systems (i.e. 1-5% body weight/day) to produce a reproductively viable squid of ca8(X)g
(or 31 cm ML) at 12 months of age. Projecting the same growth rate to 15 months yields a
squid of 3-2kg, the average size of large adults in the Azores Islands (Martins 1982).
It is not clear how Loligo forbesi could grow so fast in the colder waters of England and
Scotland. However, the cold-water ommastrephid squid IUex illecebrosus (LeSueur, 1821) is
considered to have a 1-year life cycle in the West Atlantic (O'Dor 1983). This species is
20-25 cm ML at adult size and feeding rates are the same or slightly lower compared to L.
forbesi. O'Dor & Wells (1987) provided a novel theoretical possibility to explain how squids
could reach large reproductive size while having to contend with migration and cold
temperatures: lower temperatures may actually prove optimal for growth in larger squids
because of considerations of metabolic rate. Such a prediction is at least partially testable
under laboratory conditions, and future efforts should be planned to answer this important
biological question because of its importance in fisheries management.
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